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Abstract

In plants and fungi, energetics at the plasma membrane is provided by a large protonmotive force 

(PMF) generated by the family of P-type ATPases specialized for proton transport (commonly 

called PM H+-ATPases or, in Arabidopsis, AHAs for Arabidopsis H+-ATPases). Studies have 

demonstrated that this 100-kDa protein is essential for plant growth and development. 

Posttranslational modifications of the H+-ATPase play critical roles in its regulation. 

Phosphorylation of several Thr and Ser residues within the carboxy terminal regulatory domain 

composed of ~ 100 amino acids change in response to environmental stimuli, endogenous 

hormones, and nutrient conditions. Recently developed mass spectrometric technologies provide a 

means to carefully quantify these changes in H+-ATPase phosphorylation at the different sites. 

These chemical modifications can then be genetically tested in planta by complementing the loss-

of-function aha mutants with phosphomimetic mutations. Interestingly, recent data suggest that 

phosphatase-mediated changes in PM H+-ATPase phosphorylation are important in mediating 

auxin-regulated growth. Thus, as with another hormone (abscisic acid), dephosphorylation by 

phosphatases, rather than kinase mediated phosphorylation, may be an important focal point for 

regulation during plant signal transduction. Although interactions with other proteins have also 

been implicated in ATPase regulation, the very hydrophobic nature and high concentration of this 

polytopic protein presents special challenges in evaluating the biological significance of these 

interactions. Only by combining biochemical and genetic experiments can we attempt to meet 

these challenges to understand the essential molecular details by which this protein functions in 

planta.

Role of H+-ATPase in maintaining the membrane potential and acidic pH at 

the plasma membrane surface

Plant cell growth is highly influenced by the environment, as well as by predetermined 

developmental programs. Plasma membrane H+-ATPases (H+-pumps) are the primary active 

transporters that translocate protons to the outside of each cell, providing the electrical and 
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chemical energy that drives solute transport. In plants, this enzyme also provides an acidic 

environment in the cell wall that is favorable for cell expansion (Figure 1). In animals, a 

Na+/K+ ATPase provides similar function as the primary active transport system, in creating 

a membrane potential and a chemical gradient of sodium that drives sodium-coupled 

transporters and ion channels. In addition to this fundamental difference in the choice of 

cation used to drive transport, there is also a much higher membrane potential found in 

plants (e.g., minus 200–250 millivolts in plants versus minus 100–150 millivolts in animals) 

and this may reflect a need to drive potassium inward to very high concentrations even in 

soil with low potassium levels, in order to maintain turgor pressure required for plant form 

and function [1].

An essential role for PM H+-ATPases and the proton motive force was demonstrated in 

genetic experiments in Arabidopsis with plants containing loss-of-function mutations in the 

two most highly expressed members, AHA1 and 2, which results in embryonic lethality [2]. 

The phenotypes of aha2 single mutants also provided clues to the solute transport function 

of these enzymes during environmental and developmental changes in the vegetative phase 

[3,4]. For many years it has been recognized that the acidic pH environment created by PM 

H+-ATPases is an important factor for wall loosening prior to expansion [5–7]. The 

involvement of PM H+-ATPases in defense-related signaling pathways, such as triggered by 

the pathogen associated molecular pattern and endogenous peptides, has also recently been 

addressed [8,9].

Phosphorylation regulates PM H+-ATPases

Regulatory phosphorylation sites are mainly clustered in the 100-amino-acid long carboxy 

terminus, also referred to as the R (regulatory) or auto-inhibitory domain [10]. AHA2 is 

subject to in vivo phosphorylation on at least eight residues in this C- terminal tail (Figure 2) 

and changes in AHA2 phosphopeptide abundance has been analyzed via mass spectrometry, 

either in an untargeted fashion using ion trap based MS/MS or via targeted methods using 

selected reaction monitoring (SRM) on a triple quadrupole instrument [11,12]. 

Phosphorylation at the penultimate Thr residue, which can form a complex with a fungal 

toxin, fusicoccin and a 14-3-3 protein [13,14], appears to be one major stimulatory site 

involved in transducing the response to auxin and blue light. 14-3-3 protein binding to H+-

ATPase has been used as a method to quantify changes in phosphorylation at this 

pentultimate Thr residue [15]. It also should be noted that activation can occur without H+-

ATPase interacting with 14-3-3 protein [16], although the degree by which this occurs in 

situ remains to be established.

Multiple residues respond to various stimuli by different degrees of phosphorylation and the 

direction of changes at each site can differ. This provides a very flexible but potentially 

complicated system for regulation of this enzyme’s function (Table 1). For example, in 

Arabidopsis seedlings, Thr881 phosphorylation of AHA2 is induced by a growth stimulatory 

peptide, PSY1, whereas Ser899 phosphorylation is induced by a growth inhibitory peptide, 

Rapid Alkalinization Factor (RALF) [11,17]. In a more complicated situation, flg22 peptide 

elicits an increase in pSer899 phosphorylation and decreases in pThr881 and pThr947 

phosphorylation in cultured cells [8]. Abiotic stresses, such as cold, oxidation, and acid 

Haruta et al. Page 2

Curr Opin Plant Biol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatments, decreased phosphorylation of the penultimate Thr, as does treatment with ABA 

[18,19]. Phosphorylation at Tyr946 residue was detected in MS-based sequencing [10]. 

However, since there can be misinterpretation of the fragment pattern during computer-

automated analyses, synthetic standard peptides containing either threonine or tyrosine 

phosphorylation at this carboxy terminal location can be utilized to carefully examine and 

compare to the peptides derived from plant extracts. Currently, possible phosphorylation of 

this tyrosine residue remains to be clarified both chemically and genetically. Although low 

stoichiometry phosphosites may have critical functions in vivo, it is useful to determine the 

ratio of phosphorylation over non-phosphorylation for each site. In other words, by knowing 

what fraction of this protein is phosphorylated at a given time and condition, we will be able 

to better understand the significance of changes in phosphorylation. For this purpose, the 

quantitation of phospho- and nonphospho-peptides from the same biological sample is our 

current goal to reveal the ratio of phosphorylation events at each site [20]. This can be 

difficult since the methods for enriching phosphopeptides creates a situation where the 

unphosphorylated peptide may be hard to see without extensive prefractionation. For this 

purpose, an affinity-tagged H+-ATPase protein provides rapid purification strategies to 

obtain large quantities of the protein [21]

Correlation of PM H+-ATPase phosphorylation, catalytic activity, and plant 

phenotypes

The timing and direction of the changes in H+-ATPase phosphorylation at each of the sites 

may provide clues on the molecular mechanism of transport function, as well as the roles of 

the enzyme in plant life. However, since the PMF plays such a fundamental role in many 

functions (most transporters and channels are coupled to either the delta pH or the 

membrane potential or both), one needs to carefully interpret a causal direct link between 

AHA phosphorylation and biological function. For example, an increase in penultimate Thr 

phosphorylation may indicate activation of H+-ATPase. However, if changes in AHA 

phosphorylation status are examined in long-term experiments (such as several hours), one 

may be observing an indirect response of the H+-ATPase to reestablish the proton 

electrochemical gradient after depletion of proton motive force due to changes in other 

transporters’ activities. In this context it is clear that to understand the regulation of H+-

ATPase by phosphorylation, it is useful to examine the enzyme activity and phenotypic 

changes associated with phosphorylation changes in short term assays, covering seconds and 

minutes, rather than hours and days.

With an enriched plasma membrane fraction, in vitro H+-ATPase activity can be quantified 

by several procedures: 1) quantifying phosphate-molybdate or -malachite complexes to 

measure released inorganic phosphate [22,23], 2) changes in acridine orange absorbance or 

pH indicator fluorescence to calculate pH changes in sealed membrane vesicles [24], and 3) 

NADH-coupled assays to quantify the amount of ATP consumed [24]. Alternatively, in situ 

measurements of apoplastic pH can be made with glass electrodes [25,26] or pH sensitive 

dyes [27,28], or the electrical membrane potential can be measured by electrode impalement 

[29,30]. Ideally, a combination of multiple measurements are useful for corroborating 

relative changes in H+-ATPase activity since the membrane potential or extracellular pH are 
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likely altered by changes in the activities of other proton coupled transporters or anion 

transporters (e.g. anions like chloride or nitrate or cations like potassium and calcium). 

Similarly, some changes in the cytoplasmic pH may be caused by the action of other 

endomembrane transport systems and those in the apoplastic pH by the secretion of other 

ions such as NH4+ and these will all alter plasma membrane energetics. Moreover, in vitro 

measurements of inorganic phosphate release from ATP can be affected by the changes in 

activity of other ATP-hydrolyzing pumps, which may be co-regulated with the H+-ATPase 

[8,11]. It is clear that several parameters need to be examined to conclude that the plasma 

membrane H+-ATPase is directly and specifically altered by an environmental, chemical or 

genetic perturbation.

Unfortunately, there are no specific inhibitors of the plant PM H+-ATPases analogous to 

ouabain, which is used in research on the sodium pump in animals. Vanadate is relatively 

specific for the H+-ATPase in the plasma membrane compared to ATPases in other 

endomembranes but since vanadate also inhibits protein phosphatases and ABC transporters 

as well, interpretations using this compound in vitro, and especially in vivo, should be 

approached with caution. On the other hand, fusicoccin is an activator of PM H+-ATPases, 

acts at low concentrations and provides a very useful means of ensuring that the response 

one is measuring is specifically related to the plasma membrane proton pump.

The effects of changes in H+-ATPase activity on plant growth or physiology have also been 

examined by observing plant phenotypes in response to genetic or environmental 

perturbations. A change in the cell expansion rate can be studied via root or hypocotyl 

elongation measurements either under normal or altered growth conditions that place stress 

on the proton electrochemical gradient. Two independent T-DNA insertion mutants of aha2 

show growth retardation compared with the wildtype under high external potassium or 

alkaline pH conditions that reduce plasma membrane proton motive force. Inversely, the 

aha2 mutant shows reduced sensitivity to external toxic cations, such as lithium or cesium, 

whose uptake is coupled with proton motive force. Thus, these growth conditions have been 

used to examine the phenotypes of mutant plants with altered H+-ATPase activities [3,6]. 

The effect of H+-ATPase activity changes on phenotype was also visualized by measuring 

guard cell movements [4,31] and growth rate under salt stress condition [32].

The biological role of phosphorylation was first genetically tested in Arabidopsis by 

introducing a site-specific mutation changing the penultimate Thr948 of a phloem specific 

isoform, AHA3, to either a non-phosphorylatable residue, Ala or the phosphomimetic 

residue, Asp [33]. The Asp mutation was found to complement the pollen lethal phenotype 

of aha3 knockout mutants, and the quantitative measurement of tissue elongation with these 

transgenic plants suggested that phosphorylation increased the H+-ATPase activity. It was 

hypothesized that the Ala mutation at this site acted as a dominant-negative allele since 

heterozygous aha3 mutants carrying the Thr-to-Ala mutation were male sterile. The role of 

AHA2 phosphorylation has also been extensively characterized using a powerful 

heterologous yeast expression system in which the Arabidopsis AHA2 protein rescues the 

lethality of the yeast’s ATPase gene (pma1), providing a high throughput model for studying 

AHA2 regulation by phosphorylation [10,34]. This yeast system was also utilized to 

examine AHA2 regulation by PP2C.D protein phosphatases [6] and the PKS5 kinase and its 
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associated calcium binding protein in co-expression assays [35]. However, the results 

obtained from the yeast complementation system should be carefully interpreted because 

plant specific properties, such as hormone or lipid dependent exo-and endo-cytotic 

mechanisms and/or protein degradation may depend on changes in phosphorylation and the 

yeast system may not show these effects.

Auxin regulates PM H+-ATPase phosphorylation to promote cell expansion

Based largely on physiological studies correlating auxin-induced elongation growth and 

apoplastic acidification, auxin has long been hypothesized to activate the plasma membrane 

H+-ATPases. Indeed, auxin-mediated activation of H+ efflux is a fundamental tenet of the 

decades-old acid growth theory [7]. Recent work has provided crucial biochemical and 

genetic support for this hypothesis, as well as the beginnings of mechanistic insight. In a 

recent study examining the elongation of auxin depleted hypocotyl segments, Takahashi et 

al. demonstrated that auxin promotes phosphorylation at the penultimate Thr residue, 

corresponding to Thr947 of Arabidopsis AHA2 [5]. IAA-induced phosphorylation was 

evident within 10 minutes and peaked by 20 minutes. This effect could be the result of 

auxin-mediated changes in protein kinase and/or phosphatase activities that target Thr947. 

Regardless of the mechanism, the kinetics of change in phosphorylation status closely 

paralleled those of IAA-induced hypocotyl elongation.

More recently, Spartz et al. proposed a mechanism for auxin-mediated PM H+-ATPase 

activation involving Small Auxin Up-RNA (SAUR) proteins and a family of type 2C protein 

phosphatases [6]. SAUR genes represent the largest family of auxin-responsive genes, and 

several are rapidly induced following auxin treatment [36]. Overexpression of SAUR19 

[37,38], as well as additional SAUR’s [39–41], promotes hypocotyl elongation and confers 

several additional cell expansion phenotypes. Interestingly, SAUR19 overexpression also 

confers several phenotypes indicative of increased PM H+-ATPase activity, including 

reduced apoplastic pH, and hypersensitivity to lithium and other toxic cations [6]. Indeed, 

SAUR19 overexpression results in both increased PM H+-ATPase enzymatic activity and 

Thr947 phosphorylation. These effects appear to be mediated by SAUR regulation of a 

family of type 2C protein phosphatases (PP2C.Ds) that dephosphorylate Thr947. SAUR19 

and other SAURs specifically bind to PP2C.D phosphatases and inhibit their enzymatic 

activity, suggesting that SAURs and PP2C.D phosphatases act antagonistically. Consistent 

with this possibility, pp2c.d knockdown plants exhibit phenotypes similar to SAUR19 

overexpression lines. PP2C.D1 overexpression, on the other hand, results in severely 

reduced cell expansion, resistance to lithium, and reductions in both Thr947 phosphorylation 

and PM H+-ATPase activity. Remarkably, the severe cell expansion defects conferred by 

PP2C.D1 overexpression were completely suppressed by fusicoccin, strongly suggesting 

that the growth defects are the direct result of diminished Thr947 phosphorylation of the H+ 

pump. Furthermore, PP2C.D1 interacts with AHA2 in planta, can dephosphorylate Thr947 in 

vitro, and negatively regulates AHA2 in a heterologous yeast expression system [6].

Since SAUR genes are rapidly upregulated by auxin, SAUR-mediated inhibition of PP2C.D-

mediated Thr947 dephosphorylation, provides an attractive model for how auxin activates 

PM H+-ATPases. However, important questions remain. Of particular note, auxin-induced 
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Thr947 phosphorylation was unaffected in the tir1 afb2 auxin receptor mutant, or by pre-

treatment with the auxin antagonist, PEO-IAA [5], suggesting that auxin-mediated 

transcription is not required. While this could simply be the result of activity of the 

remaining AFB receptors and incomplete inhibition by PEO-IAA, prior studies have indeed 

suggested there are auxin-mediated increases in H+ pump activity that occur too rapidly to 

be explained by changes in gene expression [42]. Auxin Binding Protein1 (ABP1) has been 

proposed to mediate this rapid activation, however this possibility needs careful 

reexamination given the recent finding that abp1 null mutants exhibit no obvious growth 

phenotypes [43]. Given the difficulty in performing time courses on the short time scale that 

these experiments require, if the genetic analysis of knockouts indicates that a rapid role of 

ABP1 in altering cell expansion is unlikely, it is possible that the SAUR mediated 

phosphatase mechanism induced by rapid changes in SAUR transcription, may be fast 

enough to explain some, or all, of the early auxin effects on the H+ pump.

Kinases and phosphatases implicated in H+-ATPase regulation

Identifying protein kinases and phosphatases that modify H+-ATPase activity would help 

understand the regulatory mechanisms of this enzyme during plant growth and adaptation to 

changes in the environment. In addition to the above-described PP2C.D1 phosphatase 

involved in SAUR-regulated cell expansion, to date several additional protein kinases and 

phosphatases have been proposed to directly or indirectly regulate H+-ATPase activity. 

Consistent with the plasma membrane localization, H+-ATPase directly interacts with and is 

subject to regulation by receptor kinases for a growth stimulatory peptide, PSY1 and the 

phytohormone, brassinosteroid [17,44]. The BRassinosteroid Insensitive1, BRI1 receptor 

activates AHA1 with a kinase function-dependent manner, but without involving 

phosphorylation of the penultimate Thr. Although the two proteins may exist as a preformed 

complex, upon treating with brassinolide for 30 min, the plasma membrane was 

hyperpolarized and cell expansion was observed.

Light, one of the most critical factors that affect plant growth and development, is known to 

influence H+-ATPase activity through the action of the plasma membrane blue-light 

receptors, phototropins. H+-ATPase and phototropin were reported to be co-purified in a 

reciprocal manner with pull-down experiments [21,45]; however it is not clear whether H+-

ATPase is a direct substrate of phototropin. Hypocotyl bending toward blue light depends on 

phototropin action and correlates with the change in phosphorylation of the penultimate Thr 

[46], which is predicted to affect auxin transport and cell expansion rates during 

phototropism. Additionally, the influence of light on H+-ATPase phosphorylation is evident 

during the regulation of guard cell movement; Thr947 appears to be phosphorylated by a 

K252a-insensitive protein kinase and dephosphorylated by an as yet unknown Mg2+-

dependent PP2C [47].

Down regulation of H+-ATPase activity is also known to occur after treatment of plants with 

a growth inhibitory peptide, RALF (Rapid ALkalinization Factor). RALF-induced 

phosphorylation of AHA2 at Ser899, possibly catalyzed by FERONIA receptor kinase 

activity, is predicted to inactivate H+-ATPase function leading to the inhibition of cell 

expansion [11]. Consistent with this model, a feronia mutant secretes protons faster than 
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wildtype and shows a longer root. The FERONIA protein, originally identified as encoded 

by a gene required for pollen tube arrest [48], is now proposed to be involved in myriad 

physiological processes including root hair development [49], mechano-sensing [50], early 

membrane signaling [51], and ethylene production and signaling [52,53]. The broad range of 

FERONIA functions is consistent with this receptor kinase’s specific effect on modulating 

plasma membrane energetics, since the PMF is fundamental to so many cellular activities. 

Phosphorylation of AHA2 at Ser931, observed in an in vitro study, catalyzed by a stress-

responsive Ser/Thr protein kinase, PKS5, also down-regulates AHA2 activity [35]. Calcium 

ions may play a role in the activation of this protein kinase as it also binds a calcium binding 

protein known as SCaBP1. Earlier studies have also reported that phosphorylation of H+-

ATPase occurs in a calcium dependent and kinase-mediated reaction [54,55] but a clear 

cause and effect has not been demonstrated. Multiple phosphorylated residues are likely 

substrates of one or more phosphatases and kinases, implicating a complexity of 

phosphorylation events. It is also clear that one must carefully interpret in vitro experiments 

in which the H+-ATPase is treated in the absence of the cell since ‘promiscuous’ 

phosphorylation and dephosphorylation are possible in such experiments that may never 

occur in vivo. In this context, one needs to identify protein kinases or phosphatases that 

interact with PM H+-ATPases via approaches such as crosslinking and peptide sequencing 

and examine the phosphorylation status of the H+-ATPase in plants containing knockout 

mutatations of such kinases and phosphatases. In addition, one would need to characterize 

the effect of site-directed mutations of the H+-ATPase on this enzyme’s function, in order to 

support a causal relationship between phosphorylation changes in the H+-ATPase and 

phenotypic alterations.

Summary and the future questions

Since the emergence of sophisticated mass spectrometry-based techniques for the 

identification and quantitation of protein phosphorylation, considerable information has 

accumulated concerning the chemical basis for H+-ATPase regulation. Genetic mutation and 

phenotypic assays provide critical insights into the context-specific roles of these chemical 

changes in vivo. However, the key questions that remain to be solved include: 1) how many 

protein kinases and phosphatase are required for the regulation of H+-ATPase activity, 2) 

which sites are modified by those kinases and phosphatases, 3) under what biological 

conditions are those residues modified, 4) how do the multiple phosphorylation events 

interact to alter the H+-ATPase catalytic activity, and 5) are there interactions with other 

proteins in the cytoplasm or apoplast, or within the plane of the membrane, that also regulate 

the H+-ATPase activity posttranslationally? The three dimensional structure for the 

minimum catalytic unit of AHA2 (without the C-terminal regulatory sequence) has been 

solved by X-ray crystallography [56], and yet, it is unknown precisely how the C-terminal 

domain regulates this enzyme. New advances in mass spectral technologies for studying 

three dimensional protein structure and in vivo functional characterization using site directed 

mutagenesis will provide a set of exciting experimental systems to address these questions.
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Highlights

• The plasma membrane H+-ATPase 100-kDa protein generates a protonmotive 

force (PMF).

• PMF consists of a membrane potential and a pH gradient, which have separate 

roles.

• H+-ATPase phosphorylation regulates solute transport and cell expansion.

• A handful of different phosphosites have opposing effects on pump activity.

• With multiple kinases and phosphatases, H+-ATPase regulation is multifaceted 

and potentially, quite complicated.
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Figure 1. Plasma membrane energetics produced by H+-ATPases
An H+-ATPase creates the H+ electrochemical gradient across the plasma membrane. This 

enzyme produces both a chemical gradient of protons (delta pH) as well as an outside-

positive membrane potential gradient, which together comprise the proton motive force. 

This transmembrane energy is used by the secondary transporter systems and channels for 

the transport of osmolytes and nutrients. The cell wall also undergoes apoplastic 

acidification due to the activation of H+-ATPase, during cell expansion.
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Figure 2. Phosphorylated residues in the AHA2 H+-ATPase
Structural features of the plasma membrane P-type H+-ATPase, AHA2. H+-ATPase uses 

ATP energy to translocate H+ during the catalytic cycle, which involve the formation of 

phosphorylated intermediate of the conserved Asp residue, found at amino acid position, 

329. The activity of AHA2 is regulated by the posttranslational phosphorylation of various 

Ser and Thr residues. Phosphorylation at Thr881 or Thr947 increase AHA2 activity whereas 

phosphorylation at Ser899 or Ser931 decrease the activity.
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